The recently updated US Preventive Services Task Force recommendations highlight the potential harms associated with prostate-specific antigen (PSA) screening for prostate cancer (1) . The harms of greatest concern are overdiagnosis and treatment of overdiagnosed cancers. An overdiagnosed cancer is one that would never have become symptomatic or clinically apparent in the absence of screening. Such a tumor would have posed no risk to the patient and therefore, by definition, does not require treatment. Estimates of overdiagnosis in the US population range from 23% to 42% among all men aged 50 to 84 years at screen detection (2) . However, the likelihood that a tumor has been overdiagnosed can vary widely depending on the patient's age and tumor characteristics (3) .
Despite the ubiquity of nomograms in the prostate cancer literature as graphical devices for personalizing the results of predictive models (4) , there are no nomograms for predicting the chance that a screen-detected prostate cancer has been overdiagnosed. Although nomograms are available that predict the presence of indolent tumors (5) , a nomogram for overdiagnosis may differ considerably from a nomogram for indolent cancer. A tumor is generally classified as indolent based on its biology as expressed by pathologic or clinical characteristics. For example, Kattan et al. (6) define an indolent tumor as pathologically organ confined, 0.5 cc or less in volume, and without poorly differentiated elements. However, whether a tumor is overdiagnosed depends not only on the underlying tumor biology but also on the life expectancy of the patient. In a patient with a very short life expectancy, even a relatively aggressive tumor might be overdiagnosed because death due to other causes may precede progression of the tumor to the point at which it would have become symptomatic.
Why are there dozens of nomograms for different cancer outcomes (including indolent tumors) and no nomograms for overdiagnosed cancer? One reason is that all of the currently existing nomograms pertain to outcomes that are observable in practice. When an outcome is observable in a defined cohort of patients, a standard statistical model such as logistic or Cox regression can be fit to the corresponding data. The nomograms published to date are simply graphical representations of the results of such fitted models. However, whether a tumor has been overdiagnosed is not observable. Once a patient has been diagnosed and treated, we are not privy to the counterfactual course of events that would allow us to know when his disease would have been diagnosed in the absence of screening. Therefore we cannot fit standard regression models to existing clinical cohorts to predict overdiagnosis.
Herein, we present a model of prostate cancer onset, progression, and detection (7, 8) that has been calibrated to reflect population patterns of prostate cancer incidence and that includes the counterfactual information necessary to identify whether tumors are overdiagnosed. We extend a version of this model used to project the course of untreated prostate cancer (3) and use it to simulate a population of screen-detected patients for which age, Gleason score, and PSA at diagnosis are known as well as whether the cancer has been overdiagnosed. We fit a logistic regression model to the simulated data and produce the corresponding nomogram for predicting overdiagnosis. The nomogram quantifies contributions of age, Gleason score, and PSA at diagnosis to the predicted likelihood of overdiagnosis and thereby provides a personalized tool for newly diagnosed patients concerned about overdiagnosis and overtreatment.
Methods
Our model was developed by investigators in the prostate working group of the Cancer Intervention and Surveillance Modeling Network (CISNET; http://cisnet.cancer.gov/) with the goal of quantifying the role of PSA screening in explaining prostate cancer mortality declines in the United States (9) . The model is a microsimulation model that produces virtual life histories for a hypothetical population representing US men aged 50 to 84 years in calendar years 1975 to 2005. The virtual life histories include both observable and unobservable (latent) events. Examples of observable events are age at diagnosis for a patient diagnosed by PSA screening in 1995, cancer stage at diagnosis, and age at death. Although the latter may be censored, it is still, in principle, observable given sufficient follow-up. Examples of unobservable events are age at onset of disease and the age and stage had the cancer been diagnosed in the absence of PSA screening.
For each virtual life history, the model generates the point of cancer onset and PSA levels before and after onset. PSA growth curves are estimated using serial PSA measurements from the control arm of the Prostate Cancer Prevention Trial (10, 11) . At the point of onset, the model also generates Gleason score (Gleason ≤6 vs ≥7), with higher Gleason score associated with faster PSA growth. The risk of cancer onset and the risk that a cancer has a higher Gleason score increase with age. The risks of progression from a nonmetastatic (M0) to a metastatic (M1) state and from a latent tumor to clinical diagnosis increase with the PSA level. Other-cause mortality is generated using US life tables. A description of the natural history model is presented in Gulati et al. (7, 8) with supplementary details available at http://cisnet.cancer.gov/ prostate/profiles.html.
To reproduce prostate cancer incidence trends observed in the Surveillance, Epidemiology, and End Results (SEER) registries for the period 1975 to 2005, we superimpose PSA screening on this natural history model. Because PSA screening dissemination was not tracked in real time, we rely on a reconstruction by Mariotto et al. (12) . We assume that the cutoff for a positive test is 4 ng/ mL, as was standard in the United States in the 1990s, and that biopsy frequencies after a positive test depend on age and PSA, as observed among participants in the Prostate, Lung, Colorectal, and Ovarian cancer screening trial (13) . Biopsies after a screening test are assumed to detect an existing, latent tumor with a probability that improves over time as more extensive biopsy schemes became popular, from 80% for sextant biopsies in the early 1990s to 93% for extended core biopsies by 2000 and remaining constant thereafter (14, 15) .
Model-projected prostate cancer incidence in pre-PSA and PSA-era years are compared with observed SEER incidence for corresponding years using a Poisson likelihood. We then calibrate the model's risk parameters governing cancer onset, progression, and clinical detection by maximizing this likelihood. The calibration procedure and results have been previously described (7, 8) . The calibrated model produces virtual life histories that aggregate to produce incidence that approximates observed incidence rates by age, year, stage, and Gleason score at diagnosis. Major racial/ ethnic groups are not modeled.
Statistical Analysis
Once the model has been calibrated, we use it to simulate a population of virtual life histories representative of the experience of US men in the period from 1975 to 2005. The simulated data include dates of diagnosis with and without screening and the date of other-cause death. We extract records for nonmetastatic patients diagnosed by screening in the year 2005 with PSA less than 10 ng/ mL and label each as overdiagnosed (if the model-generated date of other-cause death precedes clinical diagnosis) or not. We focus on nonmetastatic cases with modest PSA values to represent individuals detected early in their natural history by PSA screening. A sample of 10 000 such patients is used to fit a logistic regression model with the overdiagnosis indicator as the response variable and age, Gleason score, and PSA level at diagnosis as the predictor variables. Statistical significance of predictor variables is assessed using two-sided Wald tests; a P value of less than .05 is considered statistically significant. A nomogram is then constructed to represent the results of the logistic regression fit. To illustrate the output of the nomogram, we compute the predicted overdiagnosis proportions for specified Gleason scores and PSA levels by age at diagnosis.
We also construct a receiver operating curve with the overdiagnosis indicator as the response variable and the probability of overdiagnosis from the fitted logistic regression model as the evaluated signal. To assess the accuracy of the prediction model, we estimate the area under the receiver operating curve. All analyses were performed using the R (16) statistical computing package rms (17) to fit the logistic regression model and create the nomogram.
results
The calibrated model reasonably approximates age-, year-, stage-, and grade-specific incidence patterns (7, 8) . Under the calibrated model, 33% of men have disease onset in their lifetimes and 38% of these would be diagnosed in the absence of screening, with an average interval from onset to diagnosis of 14 years. These results are comparable with those from other prostate cancer models (3). Table 1 summarizes age, Gleason score, and PSA at diagnosis for 10 000 nonmetastatic patients diagnosed by PSA screening in the year 2005 simulated by the natural history model. We use these virtual patients to fit a logistic regression model (Table 2) . After standard diagnostic assessment of model assumptions, we found that each additional year of age at diagnosis is associated with a 12.9% increase in the odds of overdiagnosis (95% confidence interval [CI] = 12.2% to 13.6%; P < .001), having Gleason score of 7 or greater is associated with a 19.5% decrease in the odds of overdiagnosis relative to Gleason score of 6 or less (95% CI = 11.7% to 26.5%; P < .001), and each additional 1 ng/mL of serum PSA up to 10 ng/mL is associated with a 16.6% decrease in the odds of overdiagnosis (95% CI = 14.2% to 18.9%; P < .001). Finally, we construct the corresponding nomogram for the fitted logistic regression model (Figure 1) . Table 3 presents the corresponding predicted probabilities of overdiagnosis by age for the specified Gleason scores and PSA levels. The predictions are reasonably accurate with an area under the receiver operating curve of 0.75.
The nomogram demonstrates the relative importance of age, Gleason score, and PSA in predicting overdiagnosis. Clearly, age is the most important single predictor of overdiagnosis. Among men with Gleason score of 6 or less and slightly elevated PSA levels (4.0-4.9 ng/ mL), for example, the risk of overdiagnosis increases from 11.6% for ages 50 to 54 years to 59.9% for ages 70 to 74 years and 83.4% for ages 80 to 84 years, a range that may have important clinical implications for decisions about pursuing aggressive treatment. Lower levels of PSA confer a substantially greater risk of overdiagnosis relative to higher levels; the predicted risks of overdiagnosis for PSA just greater than 4 ng/mL can be twice as high as those for PSA near 10 ng/mL. For a given age and PSA level, the odds of overdiagnosis for men with Gleason score of 7 or greater are only moderately lower relative to men with Gleason score of 6 or less; however, in a model that includes virtual patients with PSA greater than or equal to 10 ng/mL and that does not condition on the PSA level, the odds for men with Gleason score of 7 or greater become 31.8% lower (95% CI = 25.7% to 37.5%; P < .001). This difference is because high-grade cancers are associated with higher PSA levels at diagnosis.
Discussion
Although other studies have quantified the likelihood of overdiagnosis associated with PSA screening for the US population as a whole, the results presented here are likely to be considerably more useful for screen-detected patients trying to understand the severity of their newly diagnosed prostate cancer. Depending on a man's age, Gleason score, and PSA level, the likelihood that his tumor has been overdiagnosed ranges from 2.9% to 88.1%. Determining where in this range a patient lies is clearly vital for his ability to make informed decisions about whether to consider immediate curative treatment for his disease.
Our overdiagnosis nomogram is clearly different from nomograms for indolent tumors because it includes age, which turns out to be the most critical predictor of overdiagnosis. Nomograms for indolent and overdiagnosed tumors will be similar for younger men. However, in older men, many nonindolent tumors will be overdiagnosed because of shorter remaining life expectancy. Thus, in an older population we would expect a considerably higher predicted probability of overdiagnosis than of an indolent tumor. Even for younger men, our results are not directly comparable with those of the Kattan et al. nomogram for indolent tumors (5) because their prediction model excluded patients with features that the investigators felt would disqualify them from having an indolent cancer, such as primary or secondary Gleason pattern 4 or 5, greater than 50% positive cores, and PSA greater than 20 ng/mL.
When simulating virtual disease histories, we superimpose population screening and biopsy patterns on the underlying disease progression process. Given that the standard for biopsy referral in the United States from 1990 to 2005 was a PSA level greater than 4 ng/mL, men in the simulation are only eligible for biopsy (and diagnosis) after screening if their PSA exceeds this threshold. Therefore, all screen-detected patients in the simulation and in the regression model behind the nomogram have a PSA level of at least 4 ng/mL. Information on biopsy patterns in this population is available and is used to generate biopsies and screen detections in the model. In principle, the model could accommodate a lower PSA threshold for biopsy referral; however, the prevalence of biopsy among men with lower PSA levels during the 1990s was not well documented, and without this information, the model cannot be properly calibrated.
Our nomogram includes three predictors-namely, age, Gleason score, and PSA at diagnosis. Other clinico-pathologic * Presented are changes to the odds of overdiagnosis for a 1-year increase in age between 50 and 84 years, for a 1 ng/mL increase in PSA level between 4 and 10 ng/mL, and for Gleason score of 7 or greater relative to 6 or less. Twosided P values are based on Wald tests. CI = confidence interval.
features of the cancer, such as volume of tumor on biopsy or the percentage of biopsy cores positive for cancer, have been shown to be predictive of pathologic stage and disease prognosis and may impact the likelihood of overdiagnosis, but they are not included in SEER, and a model including those features could not easily be calibrated to SEER data. Similarly, clinical stage is likely associated with overdiagnosis; future versions of the model will include this predictor, but the current version of the model is calibrated to SEER data and therefore only distinguishes nonmetastatic (M0) and metastatic (M1) patients. The recognition that overdiagnosis is ultimately a function of remaining life expectancy implies that care should be taken to accurately assess the risk of other-cause Age, y PSA, ng/mL death in these patients. It is possible that screen-detected prostate cancer patients may be at a lower risk of other-cause death than the general population (18) . If this is the case, then we may be slightly overestimating the frequency of overdiagnosis. In addition, comorbidity status will affect the likelihood that a screen-detected patient has been overdiagnosed. Ultimately it will be of value to incorporate comorbidity into overdiagnosis predictions. A future extension may also incorporate race. Although we accounted for population-based frequencies of biopsy after an abnormal PSA test given a man's age and PSA level, we did not explicitly model confirmation PSA or rectal exams that may also be associated with the decision to biopsy. Finally, a potential limitation of our results is that they are based on a single model. Previous comparisons with other prostate cancer models show that estimates of overdiagnosis can be sensitive to assumptions about natural history (3), although variability in estimates across models is often smaller than variability in estimates due to age or PSA at diagnosis. In summary, the results of this study extend our understanding of the range of risks of overdiagnosis in US men detected by PSA screening and how they depend on patient and tumor characteristics. It is hoped that the resulting nomogram, tailored to individual patient characteristics known at diagnosis, will provide useful information for patients and their physicians seeking to weigh the likely harms and benefits of the treatment options available for contemporary screen-detected prostate cancers. Recently publicized results from the long-awaited Prostate Intervention Versus Observation Trial have indicated that lowrisk patients are unlikely to benefit from immediate surgery (19) . This information, coupled with the relatively high frequencies of overdiagnosis projected by the model for these patients, should provide a compelling reason to carefully consider the appropriateness of active surveillance for low-risk disease, particularly in older men. 
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